The extracytoplasmic function sigma factor H is responsible for the heat and oxidative stress response in Corynebacterium glutamicum. Due to the hierarchical nature of the regulatory network, previous transcriptome analyses have not been able to discriminate between direct and indirect targets of H . Here, we determined the direct genome-wide targets of H using chromatin immunoprecipitation with microarray technology (ChIP-chip) for analysis of a deletion mutant of rshA, encoding an antifactor of H . Seventy-five H -dependent promoters, including 39 new ones, were identified. H -dependent, heat-inducible transcripts for several of the new targets, including ilvD encoding a labile Fe-S cluster enzyme, dihydroxy-acid dehydratase, were detected, and their 5= ends were mapped to the H -dependent promoters identified. Interestingly, functional internal H -dependent promoters were found in operon-like gene clusters involved in the pentose phosphate pathway, riboflavin biosynthesis, and Zn uptake. Accordingly, deletion of rshA resulted in hyperproduction of riboflavin and affected expression of Zn-responsive genes, possibly through intracellular Zn overload, indicating new physiological roles of H . Furthermore, sigA encoding the primary factor was identified as a new target of H . Reporter assays demonstrated that the H -dependent promoter upstream of sigA was highly heat inducible but much weaker than the known A -dependent one. Our ChIP-chip analysis also detected the H -dependent promoters upstream of rshA within the sigH-rshA operon and of sigB encoding a group 2 factor, supporting the previous findings of their H -dependent expression. Taken together, these results reveal an additional layer of the sigma factor regulatory network in C. glutamicum.
C
orynebacterium glutamicum is a high-GC-content Gram-positive soil bacterium that belongs to the order Actinomycetales, which includes the genera Mycobacterium and Streptomyces. While C. glutamicum has been used in industrial production of the amino acids L-glutamate and L-lysine (1, 2) , recent studies demonstrate its use as a platform for microbial production of other valuable compounds, including organic acids, diamines, and biofuels (3) (4) (5) (6) (7) (8) (9) . Furthermore, C. glutamicum is also important as a model organism for closely related pathogenic species, such as Corynebacterium diphtheriae and Mycobacterium tuberculosis.
In bacteria, extracytoplasmic function (ECF) factors that direct RNA polymerase (RNAP) to specific promoters play a pivotal role in cellular response to environmental stress conditions (10, 11) . In C. glutamicum, H , one of five ECF factors encoded in the genome, is responsible for the response to heat shock and oxidative stress. Involvement of C. glutamicum H in the heat shock response was first demonstrated in transcriptional regulation of the ATP-dependent protease subunits ClpP1/ClpP2 and ClpC, which are involved in protein quality control (12) . Furthermore, H is required for upregulation of the trxB gene encoding thioredoxin reductase in response to oxidative stress caused by diamide, and the sigH mutant is more susceptible to diamide than the wild type (13) . Our previous microarray analyses of sigH-deficient and sigH-overexpressing strains revealed that the H regulon additionally includes various genes implicated in protection of cells against oxidative damage, such as several molecular chaperones, Fe-S cluster assembly proteins, methionine sulfoxide reductase, and some dehydrogenases (14) . The H regulon of C. glutamicum partially resembles the regulons of H orthologs in Actinomycetales, i.e., M. tuberculosis H and Streptomyces coelicolor R (15) (16) (17) (18) (19) (20) (21) . Moreover, the consensus promoter sequence recognized by these H orthologs is almost identical to that recognized by C. glutamicum H (22, 23) . Activity of the H orthologs is regulated by stress-sensitive, reversible binding to an anti-factor (22, 23) , which is encoded by the gene immediately downstream of the factor gene. The anti-factor RsrA for R in S. coelicolor is a founding member of the Zn-containing anti-(ZAS) family and possesses a conserved HXXX CXXC motif which is required for Zn association and redox sensing (18, 23) . Thus, the Moreover, genes encoding a primary-like factor, B (14) , and another ECF factor, M (27) , are under the control of H . Thus, H is positioned at the top layer of the transcriptional regulatory network controlling cellular stress responses. Because of the complex hierarchical nature of the regulatory network, genes directly regulated by H are tentatively predicted by the upstream presence of the consensus promoter sequence (G/T)GGAA-N [17] [18] [19] [20] -(T/C)GTT (14, 25) .
In this study, we performed a chromatin immunoprecipitation in conjunction with microarray (ChIP-chip) analysis to comprehensively identify the direct targets of H in C. glutamicum. The ChIP-chip analysis using an rshA mutant reveals 74 new H regulon members, some of which are shown to be subject to H -dependent regulation in response to heat shock. The new targets of H are related to the availability of cofactors such as the Fe-S cluster and flavins. An uptake system for Zn, which also functions as a cofactor, is also identified as a new member of the H regulon. In addition to B and M , the primary factor, A , is newly added to the H regulon, revealing regulatory interaction among the factors. These findings provide new insights into the functions of H in the stress response and in the structure of the transcriptional regulatory network in C. glutamicum. Moreover, the C. glutamicum H regulon defined here has some components in common with the S. coelicolor R regulon, which has been recently identified by ChIP-chip analysis (30) , indicating functional conservation of the H orthologs among Actinomycetales.
MATERIALS AND METHODS
Bacterial strains, plasmids, oligonucleotides, and culture conditions. Strains and plasmids used in this study are listed in Table S1 in the supplemental material. Oligonucleotide primers used are listed in Table S2 . For genetic manipulation, Escherichia coli strains were grown in LuriaBertani (LB) medium at 37°C. C. glutamicum strains were grown in nutrient-rich A medium (31) with 4% glucose at 33°C. When appropriate, the media were supplemented with antibiotics. The final antibiotic concentrations for E. coli were 50 g of ampicillin ml Ϫ1 and 50 g of kanamycin ml Ϫ1 ; for C. glutamicum kanamycin at 50 g ml Ϫ1 was used. Heat shock treatment of exponentially growing C. glutamicum strains in A medium containing 1% glucose was performed at 45°C for 15 min as described previously (14) .
Construction of mutant strains. The FLAG-coding sequence was introduced to the 5= end of the sigH gene by overlapping PCR using overlapping primer pairs (see Table S2 in the supplemental material), as described previously (32) . The resulting DNA fragment was cloned into suicide vector pCRA725 (3), yielding pCRC623. Similarly, for deletion mutants of sigH and rshA, two suicide plasmids, pCRC624 and pCRC625, which carry the upstream and downstream regions of these genes, respectively, were constructed based on pCRA725. For deletion of the rshA gene of a strain chromosomally carrying FLAG-tagged sigH, the upstream and downstream regions of rshA were amplified by PCR using genomic DNA extracted from the FLAG-sigH strain as a template and cloned into pCRA725, yielding pCRC626. To introduce a point mutation into the Ϫ10 region of the znuC1 promoter, the mutated promoter and the upstream and downstream regions of the promoter were cloned into pCRA725, yielding pCRC627. These suicide plasmids were introduced into C. glutamicum by electroporation. Screening for the mutants using the conditional lethal effect of the sacB gene on pCRA725 was performed as described previously (3) . Introduction of the tag into the sigH gene on the chromosome was confirmed by direct sequencing of a PCR product, which was amplified using primers rshAFW_del and rshARV_del (see Table S2 in the supplemental material). Deletion of the respective gene was confirmed by PCR using primers listed in Table S2 .
Overexpression of znuC1B1. To construct a znuC1-znuB1 (znuC1B1) overexpression strain, the coding region and the ribosome binding site of the znuC1 gene were amplified by PCR using primers znuCBFW_IP-znuCBRV_IP. The PCR product was cloned into the KpnI site of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible vector pCRB12iP, which carries the LacI repressor gene lacI q and the tac promoter (33), yielding pCRC628. Overexpression of znuC1B1 in strains carrying pCRC628 was induced by supplementation of 0.5 mM IPTG.
RNA extraction and qRT-PCR. Total RNA was extracted from C. glutamicum cells using a Qiagen RNeasy minikit (Qiagen) as described previously (34) . Quantitative reverse transcription-PCR (qRT-PCR) was performed using an Applied Biosystems 7500 Fast real-time PCR system (Life Technologies, CA) and Power SYBR green PCR master mix with murine leukemia virus (MuLV) reverse transcriptase and the RNase inhibitor of a GeneAmp RNA PCR kit (Life Technologies) as described previously (34) . Ratios were normalized to the value for the 16S rRNA. The comparative threshold cycle method (Life Technologies) was used to quantify relative expression.
ChIP. C. glutamicum cultures at the late exponential phase and the onset of the stationary phase (at optical densities at 610 nm [OD 610 s] of up to 2.5 and 7.0, respectively) were fixed with formaldehyde. ChIP was performed basically as described previously (32) , except that the monoclonal anti-FLAG tag antibody (Sigma), instead of anti-Strep-Tag II antibody, was used. Cross-links of immunoprecipitated samples and of total DNA samples were reversed by incubation at 65°C overnight. Samples were then treated with RNase A and proteinase K. DNA was extracted with phenol-chloroform and purified with a MinElute PCR purification kit (Qiagen).
Microarray analyses. We used an Agilent eArray platform (Agilent Technologies, Palo Alto, CA) to design a C. glutamicum oligonucleotide microarray. Two sets of probes were designed. One was used for global gene expression analysis, and the other was for ChIP-chip analysis. For global gene expression analysis, a set of 60-mer oligonucleotide probes specific for all of the open reading frames (ORFs) on both chromosome and a plasmid pCGR1 were designed and synthesized in duplicate (total, 6,742 probes). For ChIP-chip analysis, a set of 60-mer oligonucleotide probes covering the entire chromosome, on average, every 170 bases was designed (18,462 and 18,449 probes on plus and minus strands, respectively). The regions for RNA genes including rRNA and tRNA were excluded to avoid biased signals because these regions repeatedly contain similar sequences. In addition, the region highly transcribed often causes false positives in the ChIP-chip analysis (35) . Each array contained both probe sets.
For transcriptome analysis, the cDNAs were reverse transcribed from 10 g of total RNAs and labeled with Cy3 using a SuperScript indirect cDNA labeling system (Life Technologies). The labeled cDNA (1.7 g) was mixed with Gene Expression Blocking Agent and Hi-RPM hybridization buffer, both of which were provided in a Gene Expression hybridization kit (Agilent), and hybridized to microarrays in an Agilent Technologies microarray chamber at 65°C for 17 h in a rotating Agilent hybridization oven. After hybridization, microarrays were washed with GE wash buffer 1 (Agilent) at room temperature for 1 min and with GE wash buffer 2 (Agilent) at 37°C for 1 min. Immediately after slides were washed, they were scanned on an Agilent DNA microarray scanner (G2505C) at a resolution of 5 m using a single-color scan setting for slides with a 4 by 44,000 array (four arrays and 44,000 probes per slide). The photomultiplier tube (PMT) was set to 100% for Cy3 channels. The scanned images were quantified with Feature Extraction software, version 10.5.5.1 (Agilent), using default parameters (protocol GE1_105_Dec08). Feature-extracted data were analyzed using GeneSpring GX, version 12.0, software from Agilent. Normalization of the data was done in GeneSpring GX using the recommended percentile shift normalization (50th percentile).
For ChIP-chip analysis, DNA samples were blunted with T4 DNA polymerase, ligated to linkers, and amplified by PCR as described previously (32) . Amplified DNA from reference DNA and immunoprecipitated DNA were differentially labeled with Cy3 and Cy5, respectively, by using a comparative genomic hybridization (CGH) labeling kit (Invitrogen) according to the manufacturer's instructions. Equal amounts (2.5 g) of each labeled DNA were mixed with Agilent blocking agent and Agilent hybridization buffer, both of which were provided in an Agilent Oligo aCGH kit/ChIP-on-chip hybridization kit. The mixture was heated at 95˚C for 3 min, immediately transferred to heat block at 37°C, and incubated for 30 min. After centrifugation at 17,900 ϫ g for 1 min, the hybridization mixture was hybridized to microarrays in an Agilent Technologies microarray chamber at 65°C for 24 h in a rotating Agilent hybridization oven at 20 rpm. After hybridization, microarrays were washed with Oligo aCGH/ChIP-on-chip wash buffer 1 (Agilent) at room temperature for 5 min, with Oligo aCGH/ChIP-on-chip wash buffer 2 (Agilent Technologies) at 31°C for 5 min, with acetonitrile for 10 s, and with stabilization and drying solution (Agilent) for 30 s at room temperature. Slides were scanned immediately after being washed and placed within an Agilent ozone barrier slide cover with an Agilent DNA microarray scanner (G2505C) at a resolution of 5 m using a two-color scan setting for 4-by 44,000-array slides. Scanning was done in both channels, and the PMT was set to 100% for the Cy3 and Cy5 channels. The scanned images were quantified with Feature Extraction software, version 10.5.5.1 (Agilent), using default parameters (protocol GE2_105_Dec08). Log 2 ratios for each probe were determined as rProcessedSignal/gProcessedSignal (processed signal for the red channel/processed signal for the green channel; Cy5/ Cy3). The entire procedure was carried out at three times, and the results were averaged. Creation of plots of the log 2 ratios against probe location, extraction of ChIP-chip peaks, and determination of genomic locations for the peaks were performed using MochiView, version 1.45 (36) . Peak extraction was performed using the following setting: for smoothing, smoothing window flank span of 500 bp; minimum weighted location count for inclusion, 1.01; maximum gap for data interpolation, 500 bp; for peak-finding setting, first-pass filter; peak location width, 350 bp; minimum value for peak inclusion, 0.35 and 0.45 for the exponential-phase and the stationary-phase cultures, respectively; second-pass filter scan distance, 600 bp; minimum peak height change, 0.8; minimum distance between peak midpoint, 100 bp; number of significance sampling, 0. ChIPchip peaks not extracted were manually identified. The chromosomal sequences corresponding to the ChIP-chip peaks were extracted and analyzed using MEME (37) to define the H -dependent promoter sequence. The ChIP-chip peak regions were manually searched for the conserved sequence motif obtained (GGAA-N 18 -20 -GTT) to find additional and/or correct promoter sequences.
Determination of the intra-and extracellular concentrations of flavins. Cells were grown in the minimal BT medium (BTM) (38) supplemented with 1% glucose at 33°C and harvested by centrifugation. Intracellular flavins were extracted as described previously (39) . Briefly, the cells were lysed by suspending them with buffer containing 5.0 M guanidium thiocyanate, 0.1 M EDTA, and 0.5% sodium lauryl sarkosinate and incubating the samples at 70°C. The extracts and the culture supernatant were analyzed by a high-performance liquid chromatography (HPLC) system with a fluorescence detector (excitation, 470 nm; emission, 530 nm) (39) . 5= RACE. For the identification of the transcriptional start points (TSPs), 5= rapid amplification of cDNA ends (RACE) was carried out as described previously (33) . Briefly, the total RNA extracted from the wild type after heat treatment was poly(A) tailed. cDNA was synthesized using a SMARTer RACE cDNA amplification kit (Clontech, CA) with the supplied oligo(dT)-anchored primer. The cDNA was amplified with universal primer A (supplied with kit) and gene-specific primers (see Table S2 in the supplemental material). The PCR products were cloned into a pGEM-T Easy vector (Promega). At least 10 clones of each 5= RACE PCR product were sequenced.
Construction of promoter-lacZ fusions. The promoter regions of the sigH, rshA, and sigA genes were amplified by PCR from C. glutamicum R chromosomal DNA using primers listed in Table S2 in the supplemental material. Mutations in the Ϫ10 region of the A -and H -dependent promoters of the sigA gene were introduced by overlapping PCR using primers listed in Table S2 . The fragments amplified were phosphorylated and cloned upstream of the lacZ gene in pCRA741 (40) . Direction and sequence of the inserted fragment were confirmed by DNA sequencing. The plasmids were isolated as nonmethylated DNA from E. coli JM110, introduced into C. glutamicum, and subsequently integrated into strain-specific island 7 (SSI7) on the chromosome of C. glutamicum R by markerless gene insertion methods, as described previously (3). ␤-Galactosidase assay. The cells permeabilized with toluene were incubated with o-nitrophenyl-␤-galactoside, and their activities were measured in Miller units as previously described (41) .
Microarray data accession number. All genome-wide data have been deposited in NCBI's Gene Expression Omnibus under accession number GSE52078.
RESULTS AND DISCUSSION
rshA, located downstream of sigH, encodes an anti-factor of H . Previously, it was reported that the rshA gene located immediately downstream of the sigH gene encodes an anti-factor of H in C. glutamicum ATCC 13032 (25) . Although no such ORF has been annotated in the genome of C. glutamicum R (42), which was used as the wild-type strain in this study (see Table S1 in the supplemental material), reinspection of the genome revealed a small (267-bp) ORF (cgR_6064) encoding a protein with 100% amino acid sequence identity with the anti-factor RshA, as has been reported previously (25) . As H is constitutively active in the rshA mutant, expression of the H regulon is upregulated in the absence of any stress (25) . We confirmed that the expression level of mtr (cgR_1832), one of the components of the H regulon in C. glutamicum R (14), was upregulated more than 10-fold by deletion of the rshA gene during normal growth (data not shown). Then, the gene expression profile of the wild type during the exponential phase was compared with that of the rshA deletion mutant using DNA microarrays (see Tables S3 to S5 in the supplemental material). In total, 74 genes were found upregulated 2-fold or more in the rshA deletion mutant compared to the level of the wild type. Among them, 34 genes have been previously shown to be upregulated by overexpression of H or deletion of rshA under normal growth conditions (14, 25) . These results not only confirmed that RshA is the anti-H but also showed that there are H regulon genes yet to be identified. Identification of the H -dependent promoters at a genomewide level by ChIP-chip analysis. Expression of the genes upregulated in the rshA mutant was not necessarily directed by the Hdependent promoter. Furthermore, expression of genes under the control of the H -dependent promoter was not necessarily upregulated in the rshA mutant as it is possible that an additional promoter(s) and/or an additional transcription factor(s) plays a pivotal role in expression of the genes. Hence, we performed ChIP-chip analysis using the rshA mutant, in which the H expressed is potentially fully active to bind to its target promoters, to identify direct target genes of H . For the analysis, we constructed a strain expressing H with an N-terminal FLAG tag in the background of the wild type and the rshA mutant. Growth of the resulting strains was comparable to that of their parental strains. The heat shock response of the H regulon in the wild type carrying FLAG-H was comparable to that in the wild type (data not shown) although expression of sigH was upregulated 2-fold via unknown mechanisms by the introduction of the FLAG tag. Thus, the FLAG-tagged H was confirmed to be functionally equivalent to the native H . A Western analysis using anti-FLAG tag antibody H Regulon of C. glutamicum demonstrated that a protein with the expected molecular mass of 24.3 kDa was expressed in the H -FLAG strains (data not shown). The rshA deletion mutant cells expressing the FLAG-tagged H in the late exponential phase and the onset of the stationary phase were used for ChIP-chip analysis. We identified 88 genomic regions corresponding to the ChIP-chip peaks under both conditions (see Table S6 in the supplemental material). Of these regions, 71 were located upstream of annotated genes. The height of the ChIP-chip peaks obtained using the cells at the stationary phase tended to be greater than that obtained using cells in the late exponential phase (data not shown). Six peaks were additionally detected from the stationary-phase samples (see Table S6 ), with four of them located upstream of the annotated genes. Thus, in total, 75 ChIP-chip peaks were identified upstream of the genes. The other peaks were located in an intragenic region. As expected, our ChIP-chip analysis detected almost all of the known H -dependent promoters, e.g., those for clpB and dnaK, encoding molecular chaperones (14, 27 ) (see Table S6 ). No peak was found upstream of groES-groEL1 and groEL2 for other molecular chaperones known to be indirectly affected by overexpression of H (14) . These findings confirmed the specificity of the ChIP-chip analysis. However, interactions of H -RNAP with a few known H -dependent promoters for dnaJ2, clpP1, and clpC, encoding a molecular chaperone and proteases, were not detected although expression of these genes was upregulated in the rshA mutant. Thus, affinity of H -RNAP to these promoters may be unexpectedly low.
The 350-bp regions around the ChIP-chip peaks found upstream of coding regions were analyzed with MEME (37) to find a conserved motif. The motif obtained (see Fig. S1 in the supplemental material) was consistent with the consensus promoter sequence (GGAA-N 18 -20 -GTT) (see Table S6 in the supplemental material) which is recognized by H orthologs in C. glutamicum (14) , M. tuberculosis (43) , and S. coelicolor (19) . This analysis newly identified H -dependent promoters upstream of 38 genes (see Table S6 ). Considering putative operon structures, 74 genes were newly included in the H regulon. Some of these genes (11 genes) were found upregulated 2-fold or more in the rshA mutant compared to the wild type (see Tables S3 and S6) . A manual search for the consensus promoter sequence in the other ChIP-chip peaks in the intragenic region identified possible promoter sequences (see Table S6 ). Most of the promoters were found on the antisense strand although their physiological roles are unknown. The promoter sequences newly identified by our ChIP-chip analysis ("novel" in the column labeled " H regulon" in Table S6 in the supplemental material) were highly conserved in the orthologous regions in the genome of the type strain ATCC 13032 (44), suggesting their functional significance.
H upregulates genes encoding Fe-S cluster-containing enzymes. Of the H regulon genes identified by ChIP-chip, ilvD (cgR_1344) and lipA (cgR_2089) encode Fe-S cluster-containing enzymes, namely, dihydroxyl-acid dehydratase and lipoic acid synthase, respectively. The consensus promoter sequence was found in the regions corresponding to the ChIP-chip peaks upstream of these genes (Fig. 1A, C, D, and F) . Although upregulation of these genes in the rshA mutant has been previously observed, the putative H -dependent promoter was predicted upstream of only lipA (25) . By 5= RACE analysis using RNA extracted from heat-treated cells, a transcriptional start point (TSP) of ilvD was determined to be guanine at 188 nucleotides (nt) up- 
H upregulates genes encoding Fe-S cluster-containing enzymes. (A and D) The ChIP-chip peaks found upstream of ilvD and of lipA. The log 2 ratio of the Cy5 signal (ChIP-enriched DNA) divided by Cy3 signal (total genomic DNA) of each probe is plotted against the chromosomal location of the probes (x axis). Genes are indicated in the boxed arrows below the graphs. The image was created using MochiView, version 1.45 (36) . Representative data are shown. The highest enrichment ratio (Cy5/Cy3) is indicated in each plot. (B and E) qRT-PCR analysis of transcript levels of ilvD and of lipA and lipB in the wild type (WT) and the sigH and rshA mutants grown in nutrient-rich A medium before (white) and after (black) heat shock treatment at 45°C for 15 min. The transcript levels before heat shock in the wild type were taken as 1. Mean values obtained from at least three independent cultivations are shown with standard deviations. (C and F) Nucleic acid sequences of the upstream regions of ilvD and of lipA. The transcriptional start points (TSPs) (ϩ1) and the Ϫ35 and Ϫ10 regions of the A -and H -dependent promoters are indicated in boldface. The TSP from the A -dependent promoter of ilvD has been previously determined (45) . The terminal and start codons of cgR_1345 and ilvD (C) and those of lipB and lipA (F) are indicated with asterisks and arrows, respectively. stream of the ilvD start codon and 10 nt downstream of the Ϫ10 region of the H -dependent promoter identified in this study (Fig.  1C) , confirming that the promoter identified was functional and induced by heat stress. The 5= RACE analysis also revealed two TSPs for lipA: adenine at 94 nt upstream of the lipA start codon (GUG) and the first guanine of the start codon (Fig. 1F) . The former is located 10 nt downstream of the Ϫ10 region of the Hdependent promoter. The heat shock responses of these genes in the wild type, the sigH mutant, and the rshA mutant were compared by qRT-PCR analysis (Fig. 1B and E) . Both ilvD and lipA genes were upregulated in the rshA mutant compared to the wild type before heat shock, indicating that these genes are upregulated by H in the mutant. On the other hand, these transcripts were detected in the sigH mutant as well as in the wild type under the nonstress conditions, indicating that these genes can also be expressed in a H -independent manner. In this context, a A -dependent promoter of the ilvD gene has been reported previously (45) , and a A -dependent promoter-like sequence was found upstream of the TSP at the start codon of lipA in this study ( Fig. 1C and F) . It should be also noted that multiple ECF factors may be redundantly involved in recognition of the same promoter. The expression level of ilvD in the wild type was not enhanced by heat shock, while that in the sigH and rshA mutants was downregulated (Fig.  1B) . Therefore, it is conceivable that the H -independent promoter of ilvD is repressed by heat shock, and thereby the Hdependent induction is counteracted in the wild type. Expression of lipA in the wild type was enhanced by heat shock, while the heat shock response was minimal in the sigH mutant (Fig. 1E ). This indicates that lipA is upregulated in response to heat shock in a H -dependent manner although unknown mechanisms seem to be involved in the heat-responsive downregulation observed in the rshA mutant.
Dihydroxy-acid dehydratase encoded by ilvD catalyzes a step of the biosynthetic pathway for branched-chain amino acids. This enzyme is a stress-labile enzyme due to its Fe-S cluster (46, 47) . E. coli exposed to hyperbaric oxygen or nitric oxide becomes auxotrophic for branched-chain amino acids due to inactivation of IlvD (48) (49) (50) . However, involvement of any ECF factors in ilvD expression has never been reported in bacteria to our knowledge.
LipA catalyzes sulfur insertion into an octanoyl moiety that is ligated to an apoprotein by lipoate-protein ligase LipB (51, 52) . Lipoic acid acts as a cofactor of pyruvate dehydrogenase, 2-oxoglutarate dehydrogenase, and H protein of the glycine cleavage system (51, 53) . Like IlvD, LipA is also known to be an unstable enzyme, particularly under aerobic conditions where the Fe-S center of the protein becomes oxidized (54, 55) .
C. glutamicum H -dependent upregulation of ilvD and lipA is likely to replenish the unstable enzymes carrying the Fe-S cluster and an unstable cofactor lipoic acid under stress conditions. In this context, it should be noted that the suf operon encoding proteins involved in Fe-S cluster biosynthesis is also included in the H regulon (14) . Induction of genes for biosynthesis of stresssensitive cofactors, including the Fe-S cluster, lipoic acid, coenzyme A (CoA), and NAD, and of those for enzymes carrying the cofactors by alternative sigma factors have been known (30, 56) .
C. glutamicum
H regulon also includes genes for synthesis of some of these cofactors and those for the enzymes (see Table S6 in the supplemental material). Thus, it is conceivable that the factors involved in heat and/or oxidative stress response in diverse bacteria appear to have a similar role in replenishment of the labile molecules.
H upregulates PPP genes. The gene cluster tkt-tal-zwf-opcAdevB encodes the following enzymes involved in the pentose phosphate pathway (PPP) ( Fig. 2A and E) : transketolase, transaldorase, glucose-6-phosphate 1-dehydrogenase, putative subunit of glucose-6-phosphate 1-dehydrogenase, and 6-phosphogluconolactonase. The expression of these genes is repressed by binding of GntR1 to the tkt promoter region (57) . The binding of GntR1 is inhibited, and all of the genes in this cluster are upregulated in the presence of gluconate (57) , which is phosphorylated to 6-phosphogluconate and entered into the PPP. Despite the deduced operon structure, the ChIP-chip peak and the consensus promoter sequence for H were found upstream of the tal gene ( Fig.  2A ; see also Table S6 in the supplemental material). The microarray analysis showed that expression of tal-zwf-opcA-devB but not tkt was slightly but significantly upregulated in the rshA mutant compared to the level in the wild type under normal growth conditions (see Table S3 ). Comparison of the heat shock responses of tal among the wild type and sigH and rshA mutants demonstrated that heat induction of tal is dependent on H (Fig. 2B ). On the other hand, the expression level of tkt was somewhat downregulated in response to heat shock in a H -independent manner (Fig.  2B ). Differential expression of tal was not observed in the previous study of a C. glutamicum rshA mutant, but expression of its downstream genes (zwf-opcA-devB) was upregulated more than 1.5-fold in the mutant (25) . This led the authors to wrongly predict the H -dependent promoter upstream of zwf (25) . The existence of the internal promoter upstream of tal was further supported by the finding that a TSP specifically determined at 83 nt upstream of the tal start codon by 5= RACE using RNA extracted from heattreated cells was mapped at 10 nt downstream of the Ϫ10 region of the internal promoter. These results demonstrate that the upregulation of tal-zwf-opcA-devB in the rshA mutant is attributable to the H -dependent internal promoter located upstream of tal in the tkt-tal-zwf-opcA-devB operon under the GntR1-mediated control of the tkt promoter. Therefore, the cluster of PPP genes is regulated by the two promoters in response to carbon source and heat/oxidative stress. The H -dependent upregulation of the PPP genes in C. glutamicum is likely to be required to provide NADPH for the thioredoxin/thioredoxin reductase system under the control of H . It should also be noted that the PPP provides a substrate (ribulose-5-phosphate) for biosynthesis of flavins, as described later. S. coelicolor possesses the same PPP gene cluster as that in C. glutamicum, and the recent ChIP-chip analysis has indicated the presence of a R -dependent promoter upstream of the transaldolase gene and suggested the role of R in NADPH generation (30) . Proteome analysis of stress-induced proteins has identified the corresponding transaldolase (58) .
H enhances riboflavin biosynthesis. The ribGCAH gene cluster encodes the following enzymes involved in riboflavin biosynthesis from ribulose-5-phosphate and GTP (Fig. 2E) : bifunctional riboflavin-specific deaminase/reductase (RibG), the ␣-chain of riboflavin synthase (RibC), bifunctional GTP cyclohyrolase II/3,4-dihydroxy-2-butanone-4-phosphate synthase (RibA), and the ␤-chain of riboflavin synthase (RibH). Although there is no intergenic region between ribG and ribC, a ChIP-chip peak was found upstream of the ribC gene (the intragenic region of the ribG gene) (Fig. 2C) . Expression of ribCAH in the cluster was upregulated in the rshA mutant compared to the level in the wild type (see Tables  S3 and S6 in the supplemental material). These results indicate that the ribCAH genes are cotranscribed from the H -dependent internal promoter within the ribGCAH operon. Although the upregulation of the ribCAH genes in the rshA mutant has been previously observed (25) , no promoter sequence has been assigned upstream of the ribC gene. The 5= RACE analysis using RNA extracted from heat-treated cells determined a TSP of ribC to be adenine at 235 nt upstream of the start codon of ribC. The TSP was close to the ChIP-chip peak identified. The H -dependent promoter-like sequence, with one mismatch in the Ϫ10 region element, was identified upstream of the TSP (see Table S6 ). Furthermore, ribC exhibited H -dependent heat induction while ribG did not (Fig. 2D) . These findings confirmed that the ribCAH genes are under the control of H . In contrast to expression of ilvD and lipA (Fig. 1B and D) , expression of tal and ribC in the rshA mutant was further upregulated by heat shock (Fig. 2B and D) . Their expression levels in the rshA mutant after heat shock were comparable to those in the wild type. Thus, additional, different factors may be coordinated with the H -dependent heat shock response of various genes.
Upon induction of the H regulon in response to heat and oxidative stress, demand for flavin cofactors and NADPH increases as a consequence of the induction of flavin-dependent oxidoreductases and the thioredoxin/thioredoxin reductase system (14) . In this context, it is interesting that the genes involved in the PPP (tal-zwf-opcA-devB) as described above and riboflavin synthesis (ribCAH) are coordinately regulated by H (Fig. 2B, D , and E). We observed that the stationary-phase culture of the rshA mutant became a much brighter yellow than that of the wild type (data not shown), suggesting that the upregulation of the H regu- FAD] ) of the wild type and the sigH and rshA mutants during growth in minimal medium (BTM) containing 1% glucose were determined (Fig. 3) . The growth of the rshA mutant under these conditions was slightly slower than that of the other two strains (Fig. 3A) . The cultures were sampled at the exponential (6 h) and stationary (10 h for the wild type and the sigH mutant; 12 h for the rshA mutant) phases. The intracellular levels of the flavins in the wild type were almost unchanged during the period of cultivation (Fig. 3B, upper panels, white bars) , while the extracellular ones increased in the stationary phase (Fig. 3B , bottom panels, white bars). In the sigH mutant, the levels of intra-and extracellular flavins were comparable to those of the wild type throughout the cultivation period (Fig. 3B , white and gray bars), indicating that H is not necessary for biosynthesis of the flavins at the wild-type levels under normal growth conditions. As expected, in the rshA mutant the intra-and extracellular levels of riboflavin were 2.5-fold higher than those in the wild type (Fig. 3B , left panels, white and black bars). On the other hand, the intra-and extracellular levels of FMN and FAD were comparable among the three strains, except that the extracellular FAD level of the rshA mutant was 2-fold higher than that of the wild type at the stationary phase. As observed for the other two strains, the intracellular levels of the flavins of the rshA mutant were almost constant, and the extracellular ones increased with growth (Fig. 3B) . The intracellular levels of FMN and FAD of all the strains were much higher than those of riboflavin (Fig. 3B, upper panels) , whereas the extracellular levels of the flavin nucleotides were less than 10% of those of riboflavin (Fig. 3B, bottom panels) . Taken together, these findings indicate that riboflavin biosynthesis is enhanced by activation of H but that intracellular levels of the flavin nucleotides are strictly maintained. It is likely that excess intracellular riboflavin is actively excreted although no riboflavin exporter has been reported in bacteria (59) . Because it is known that riboflavin generates superoxide during auto-oxidation (60), the intracellular riboflavin level should be kept low. In bacteria, genes involved in biosynthesis and transport of riboflavin are generally under the control of feedback regulation mediated by the conserved FMN-sensing RFN riboswitch element, which consists of the 5= untranslated region of the transcript (61, 62) . Binding of FMN to the element causes premature transcription termination and precludes access to the ribosome-binding site. However, as shown for the ribGCAH operon in C. glutamicum, riboflavin biosynthetic genes have also been shown to be regulated by environmental stress (21, 63) , and some are regulated via internal promoters found in the operons (56, 64) . Thus, bacterial riboflavin biosynthesis is controlled in a flavin-dependent and -independent manner.
H upregulates a Zn uptake transporter. The ChIP-chip analysis newly identified the H consensus promoter sequence in the upstream region of znuC1 (Fig. 4A and B) . znuC1 is the second gene in the znuA1C1B1 operon (cgR_2535-cgR_2536-cgR_2537) encoding the ABC-type transporter ZnuA1B1C1 for Zn uptake. ZnuA1, ZnuB1, and ZnuC1 are Zn-binding protein, permease, and ATPase component, respectively. The microarray analysis showed that expression of znuC1 and znuB1 was upregulated in the rshA mutant compared to the wild type, but znuA1 was downregulated in the mutant (see Tables S3 and S5 in the supplemental material). This indicates that components of the ZnuA1B1C1 transporter are distinctly regulated by at least two promoters located upstream of znuA1 and znuC1. Actually, the 5= RACE analysis revealed a TSP at 94 nt upstream of the start codon of znuC1 in the coding region of znuA1. The position is 10 nt downstream of the Ϫ10 region of the H -dependent promoter identified (Fig.  4B ). Moreover, znuC1 exhibited H -dependent heat induction while znuA1 did not (Fig. 4C) .
The promoter activity of znuA1 is repressed by binding of Znbound Zur, which belongs to the ferric uptake repressor (Fur) family, under Zn-replete conditions (65) . When Zn is depleted, Zn-free Zur is released from the promoter, and expression of the znuA1C1B1 operon is derepressed. In addition to znuA1C1B1, genes encoding another ABC-type transporter for Zn uptake, 
FIG 4
H upregulates a Zn uptake transporter. (A) The ChIP-chip peak found within the znuA1C1B1 genes. The description of the panels is the same as in the legend to Fig. 1A and D. (B) Nucleic acid sequence of the upstream region of the znuC1 gene. The TSP (ϩ1) and the Ϫ35 and Ϫ10 regions of the znuC1 promoter are indicated in boldface. The terminal and start codons of the znuA1 and znuC1 genes, respectively, are indicated with an asterisk and an arrow. (C) qRT-PCR analysis of transcript levels of znuC1, znuA1, and zrf in the wild type and the sigH and rshA mutants and in the wild type and the rshA mutant carrying the mutated PznuC1 (mut) before (white) and after (black) heat shock treatment as described in the legend to Fig. 1B and E. The transcript levels before heat shock in the wild type were taken as 1. Mean values obtained from at least three independent cultivations are shown with standard deviations. (D) Effects of overexpression of znuC1B1 on expression of the Zur regulon. Changes in transcript levels of znuC1, znuA1, and zrf in the control strain (white) and a znuC1B1-overexpressing strain (black) after IPTG supplementation were analyzed using qRT-PCR. The mRNA levels are presented relative to the value obtained from the control strain before IPTG supplementation (0 min). Mean values obtained from at least three independent cultivations are shown with standard deviations.
ZnuA2B2C2 (cgR_0042-cgR_0041 and cgR_0043), a P-loop GTPase (cgR_0812), and an oxidoreductase (cgR_0813) are included in the Zur regulon and upregulated in response to Zn deficiency (65) . Furthermore, recently, we demonstrated that zra (cgR_ 0148) and zrf (cgR_1359), which encode a metal-translocating P-type ATPase and a cation diffusion facilitator, respectively, are also under the control of Zur (66) . It should be noted, however, that these novel regulon genes encode Zn exporters and are repressed by Zn-free Zur and derepressed under excess Zn conditions (66) . Thus, C. glutamicum Zur acts as a Zn-sensing transcriptional repressor of both Zn-inducible and Zn-repressible genes involved in Zn homeostasis in distinct ways. Since the Zn uptake system genes znuC1B1 were found to be upregulated by H as described above, we focused on the effects of rshA deletion on the Zn-responsive genes under the control of Zur. The microarray analysis revealed no difference in expression of the Zn-repressible genes between the rshA mutant and the wild type (see Table S7 in the supplemental material), except for that of the znuA1 gene downregulated in the rshA mutant as described above. On the other hand, zrf, one of the two Zn-inducible genes, was upregulated 2.7-fold in the rshA mutant, but expression of another gene, zra, was not affected by rshA deletion (see Table S7 ). As no ChIPchip peak was found upstream of the Zur regulon genes except for znuC1 (data not shown), the effects of rshA deletion on expression of the Zn-responsive genes, znuA1 and zrf, are probably indirect through physiological changes caused by the upregulation of the SigH regulon including the Zn uptake system genes znuC1B1.
This was examined by a mutational analysis of the H -dependent promoter of znuC1 (PznuC1) in the coding region of znuA1. A point mutation (GTT to GTG), which has no effect on the amino acid sequence of ZnuA1, was introduced into the Ϫ10 region of PznuC1 (Fig. 4B ) in the genome of the wild type and the rshA mutant. As expected, the upregulation of znuC1 in the wild type after heat shock was abolished by the mutation in the PznuC1 promoter (Fig. 4C) , confirming that the mutation inactivated PznuC1. Expression of znuC1, znuA1, and zrf in the rshA mutant carrying the mutated PznuC1 was comparable to that in the wild type under nonstress conditions (Fig. 4C, white bars) . These findings demonstrate that the downregulation of znuA1 and upregulation of zrf in the rshA mutant in the absence of stress are attributed to the upregulation of znuC1B1 by PznuC1 under the control of H . To examine whether an increase in the expression of znuC1B1 affects the Zur-mediated regulation in the wild-type background, we constructed a znuC1B1-overexpressing strain and compared expression of the Zur regulon in the strain to that in the control strain carrying a vector only. Plasmid pCRC628 carrying znuC1B1 under the control of both the tac promoter and LacI repressor was introduced into the wild type. The culture of the plasmid-carrying strains was supplemented with IPTG at the exponential phase. Expression of znuC1 increased over 400-fold 10 min after of the supplementation, while that in the control strain was not changed (Fig. 4D) . Under these conditions, znuA1 was downregulated with the increase in the expression levels of znuC1B1 (Fig. 4D) , whereas expression of the other Zur-mediated Zn-repressible genes was not affected (data not shown). In contrast, expression of a Zurmediated Zn-inducible gene, zrf, but not another gene, zra (data not shown), was upregulated with the increase in znuC1B1 expression (Fig. 4D) . The differential effects of overexpression of znuC1B1 on the Zur regulon were consistent with those of rshA deletion. These findings indicate that the upregulation of znuC1B1, not the entire znuA1C1B1 operon, from the internal H -dependent promoter results in changes in the action of Zur, probably through potentiation of Zn uptake.
While the downregulation of the first gene, znuA1, of the znuA1C1B1 operon in the rshA mutant under normal growth conditions was abolished by the mutation in PznuC1, the downregulation of znuA1 after heat shock in the wild type was not affected by either deletion of the sigH gene or the mutation introduced into the PznuC1 promoter (Fig. 4C, black bars) . zrf was upregulated by heat shock in the wild type (Fig. 4C) , as has been previously observed (14) . This upregulation was also not affected by either deletion of the sigH gene or the mutation introduced into PznuC1 (Fig. 4C) although it was enhanced through unknown mechanisms by deletion of the rshA gene. These findings indicate that the changes in the expression of a part of the Zur regulon caused by heat shock are independent of H action on znuC1B1 expression. The Bacillus subtilis Zn uptake system, ZosA, a P-type metaltransporting ATPase, is upregulated in response to oxidative stress caused by H 2 O 2 and diamide (67) . An increase in the intracellular Zn levels by the upregulation of ZosA may protect thiols from oxidation by replacing highly reactive metals, e.g., iron and copper, with the less reactive Zn (67) . This may also prevent the propagation of free radical chain reactions. Interestingly, B. subtilis zosA is regulated by the peroxide-responsive transcriptional regulator PerR (67) but not by Zur, which regulates other Zn uptake systems in response to Zn availability (68) . In contrast, in C. glutamicum, Zur and H control a Zn-uptake ABC-type transporter in response to Zn availability and heat/oxidative stress, respectively, suggesting that the transporter ZnuA1B1C1 plays an important role in control of Zn homeostasis to adapt to various stress conditions. Our disc diffusion assays showed that the mutation in PznuC1 had no effect on sensitivity of the wild type to oxidative stress caused by diamide, menadione, and plumbagin under highand low-Zn conditions (data not shown), whereas the sigH mutant showed enhanced sensitivity to the stress. Hence, a further study is required for understanding of a physiological role of the H -mediated enhancement of the Zn uptake system in the stress response of C. glutamicum.
rshA is transcribed from the internal promoter driven by H , located in the sigH-rshA operon. A recent study using Northern and primer extension analyses demonstrated that sigH and rshA constitute an operon under the A -dependent promoter and that rshA is separately transcribed from the putative H -dependent promoter upstream of rshA (25) . Consistent with the results, our ChIP-chip analysis revealed that H binds to the intragenic region, but not the upstream region, of its own gene (Fig. 5A) . The same H consensus promoter as reported was found in the corresponding ChIP-chip peak region (25) (Fig. 5A and B) . By 5= RACE using total RNA extracted from the wild-type cells subjected to heat shock, the TSP of the rshA gene was determined to be an adenine 63 bp upstream of the start codon, which is located at the expected distance from the H -dependent promoter identified (Fig. 5B ) and very close to the TSP reported in the previous study (25) .
Although the sigH gene has been previously shown to be upregulated after heat shock (14) , the heat shock response of the rshA gene has never been tested. Here, we determined changes in rshA expression in response to heat shock by qRT-PCR analysis. While expression of sigH in the wild type was upregulated about 2-fold after heat shock, that of rshA was upregulated more than 20-fold H Regulon of C. glutamicum ( Fig. 5C and D, left panels), indicating that expression of the two genes is independently regulated in response to heat shock. The degree of the heat-responsive upregulation of rshA expression in the sigH deletion mutant was markedly lower than that in the wild type, indicating that H plays an important role in the heat induction of rshA. The 5-fold increase in the expression level of rshA upon heat shock in the sigH mutant, in which the rshA promoter was removed, may be due to the promoter located upstream of the sigH gene, which exhibited a H -independent heat shock response ( Fig. 5C ) (see also below).
Furthermore, activity of these promoters in the sigH and rshA mutants was determined. The upstream regions of sigH and rshA, corresponding to positions Ϫ415 to ϩ18 and Ϫ444 to ϩ15, respectively, with respect to the start codon of the genes, were fused to the promoterless lacZ gene. The resulting fusions (PsigH-lacZ and PrshA-lacZ) were integrated into a strain-specific region in the chromosome of the wild type and the sigH and rshA mutants. Because ␤-galactosidase was found to be heat labile (data not shown), activities of the promoter-lacZ fusion in the strains were compared by measuring levels of the lacZ transcript using qRT-PCR (Fig. 5C and D, right panels) . The heat-inducible changes in the levels of the lacZ transcript of the PsigH-and PrshA-lacZ fusions were comparable to those in the expression levels of sigH and rshA ( Fig. 5C and D, compare right and left panels) . Thus, the changes in the promoter activity determined by the transcript level of lacZ well reflect those in the expression levels of the corresponding genes. The PsigH activity in the wild type was comparable to levels in the sigH and rshA mutants irrespective of heat shock treatment (Fig. 5C ), indicating that H is not involved in the regulation of its own promoter activity. The expression levels of the PrshA-lacZ fusion in the sigH and rshA mutants were half and 13-fold that in the wild type, respectively, before heat shock (Fig.  5D , white bars), suggesting that PrshA is highly dependent on H . PrshA activity in the wild type was upregulated more than 20-fold upon heat shock, as was the expression level of rshA (Fig. 5D) . Meanwhile, the degree of the induction by heat shock was markedly decreased in the sigH mutant. PrshA-lacZ expression in the rshA mutant was upregulated 1.5-fold after heat shock, and it was comparable to that in the wild type. Based on these results, the H -dependent promoter upstream of the rshA gene is involved in the heat-responsive induction. That PrshA activity in the sigH mutant was still detectable and heat inducible implies involvement of a factor other than H in this induction. In sharp contrast to the situation of C. glutamicum sigH, its orthologs in M. tuberculosis and S. coelicolor are subject to autoregulation. The sigR gene in S. coelicolor is under the control of two promoters: the primary factor HrdB-dependent promoter and the R -dependent one (69) . The R -dependent promoter yields an isoform of R with an N-terminal extension of 55 amino acids to R constitutively expressed from the HrdB-dependent promoter. The isoform of R is susceptible to proteases ClpP1/ClpP2, which are expressed from the R -dependent promoter (69) . Thus, R is subject to positive feedback regulation at the transcriptional level and negative feedback regulation at the protein level.
H in mycobacteria is likely to be under the same regulation (15, 16, 30, 70) . However, because of the absence of the alternative initiation codon, N-terminal extension of the C. glutamicum H is unlikely. Four promoters, all of which are likely A dependent, were recently found, and one of them is likely to be controlled by the SOS response regulator LexA (25, 71) . LexA may be involved in the H -independent increase of sigH transcript level in response to heat shock (Fig. 5C ).
H -mediated heat shock response of the housekeeping factor, A . A large ChIP-chip peak was found upstream of the sigA gene (Fig. 6A) , which encodes the housekeeping factor A , and two putative H -dependent promoter sequences (PsigA h1 and PsigA h2 ) were identified in the corresponding region ( Fig. 6B ; see also Table S6 in the supplemental material). The Ϫ10 regions of these putative H -dependent promoters are located 149 and 364 bp upstream of the start codon (Fig. 6B) . It has been reported that The ChIP-chip peak upstream of the rshA gene. Because the result was obtained from ChIP-chip using the rshA deletion mutant, the enrichment ratio of the probes corresponding to the region deleted was background level. The description of the panel is the same as in the legend to Fig. 1A and D. (B) Nucleic acid sequence of the upstream region of the rshA gene. The TSP (ϩ1) and the Ϫ35 and Ϫ10 regions of the rshA promoter are indicated in boldface. The terminal and start codons of the sigH and rshA genes, respectively, are indicated with an asterisk and an arrow. The heat shock response of sigH (C) and rshA (D) in the wild type and the sigH and rshA mutants was determined by changes in transcript levels of the corresponding genes (left panels) and the lacZ gene (right panels) fused to the promoter region of the sigH and rshA) genes. Transcript levels before (white) and after (black) heat shock were compared using qRT-PCR. The transcript levels before the heat shock in the wild type were taken as 1. Mean values obtained from at least three independent cultivations are shown with standard deviations. sigA is transcribed from the A -dependent promoter and that its TSP is located 380 bp upstream of the start codon (72) (Fig. 6B,  ϩ1 site) . Hence, the newly identified H -dependent promoters are located downstream of the known A -dependent promoter. The heat shock response of sigA in the wild type and sigH and rshA mutants was monitored by qRT-PCR analysis. Expression of sigA in the wild type was upregulated 3-fold in response to heat shock (Fig. 6C) . The effects of deletion of either sigH or rshA on sigA expression before and after heat shock were small, but the heat induction of sigA appeared to be partially dependent on H (Fig. 6C ). The sigA promoter activity in the wild type, the sigH mutant, and the rshA mutant background was monitored by determining the transcript level of lacZ fused to the upstream region of sigA (position ϩ15 to Ϫ629 with respect to the start codon) (Fig. 6D) . The expression of PsigA-lacZ in response to heat shock was largely consistent with that of sigA ( Fig. 6C and E) . To separately examine the Changes in transcript levels of lacZ derived from the PsigA-lacZ fusions after heat shock in the wild type and the sigH and rshA mutants. Changes in the transcript levels of lacZ of the PsigA-lacZ fusions carrying mutations in the H -dependent promoter region (mutH1, mutH2, and mutH12) are also indicated. (F) Changes in transcript levels of lacZ derived from the PsigA-lacZ fusion carrying mutations in the Ϫ10 region of the A -dependent promoter (PsigA-mutA-lacZ) in the wild type and the sigH and rshA mutants after heat shock. In panels C, E, and F, transcript levels before (white) and after (black) the heat shock treatment as described in the legend to Fig. 1B and E were compared using qRT-PCR. The transcript levels before heat shock in the wild type were taken as 1. Mean values obtained from at least three independent cultivations are shown with standard deviations.
heat shock response of an activity of the H -dependent (PsigA h1 and PsigA h2 ) and the A -dependent (PsigA a ) sigA promoters, the most conserved sequence of the Ϫ10 region of each promoter was mutated to inactivate the promoters (Fig. 6D) . The Ϫ10 regions of PsigA h1 and the PsigA h2 promoters, TGTTG and AGTTA, respectively, were mutated to TCAAT and ACAAA, respectively (designated mutH1 and mutH2 or, in combination, mutH12; the mutated nucleotides are shown in bold). The Ϫ10 region of PsigA a , TATAAT, was mutated to GCGAAT (designated mutA). First, effects of the mutations introduced in the PsigA h1 and PsigA h2 promoters on expression PsigA-lacZ in response to heat shock in the wild type were examined ( Fig. 6D and E, mutH1, mutH2, and  mutH12) . Expression of the PsigA-lacZ fusion carrying mutated PsigA h1 (mutH1) in the wild type was downregulated compared to that of the native PsigA-lacZ promoter; however, the mutated promoter, similar to the native one in the sigH mutant, still showed a slight heat shock response (Fig. 6E) . On the other hand, the mutations in PsigA h2 , even in the combination with those in PsigA h1 , had no effect on the expression of the PsigA-lacZ fusion (Fig. 6E , mutH2 and mutH12), suggesting that the PsigA h2 promoter is not functional under the conditions used in this study. Alternatively, it is possible that the PsigA h2 promoter is not a functional promoter but is the consequence of fortuitous concordance to the H promoter sequence. In this context, the oligonucleotide probe with the highest enrichment value in the ChIP-chip peak corresponded to the PsigA h1 region (Fig. 6A and B) . These results also suggest that the increase in the expression of sigA and PsigA-lacZ in the sigH mutant after heat shock is derived from changes in the Adependent sigA promoter (PsigA a ).
Next, the heat shock response of the H -dependent sigA promoter (PsigA h ) was examined using a PsigA-lacZ fusion carrying the mutated A -dependent promoter (Fig. 6D , PsigA-mutA-lacZ). Expression of lacZ of PsigA-mutA-lacZ in the wild type before heat shock was 5-fold lower than that of the native PsigA-lacZ fusion (Fig. 6F) . Consistent with this, the ␤-galactosidase activity of the mutated PsigA-lacZ fusion in the wild type after overnight culture was 5-fold lower than that of the native one (data not shown). These findings indicate that the contribution of PsigA h1 to the total expression of sigA is much smaller than that of the PsigA a promoter. The expression level of PsigA-mutA-lacZ in the wild type before heat shock was comparable to that in the sigH mutant but 4-fold lower than that in the rshA mutant (Fig. 6F, white bars) . After heat shock, PsigA-mutA-lacZ expression was upregulated almost 10-fold in the wild type, while the heat shock response of the PsigA-mutA-lacZ promoter was minimal in the sigH mutant (Fig. 6F) . PsigA-mutA-lacZ expression in the rshA mutant increased 2-fold after heat shock to reach the wild-type level. These results indicate that the PsigA h1 promoter is a H -dependent heat shock-responsive promoter. It is likely that the strong activity of PsigA a masks the PsigA h1 -mediated heat induction of sigA in the wild type.
It is interesting that the primary factor, RpoD, in E. coli is also controlled by the heat-responsive factor RpoH (73, 74) . In B. subtilis, the sigA gene, encoding the primary factor A , is under the control of both A and an alternative factor, H , involved in sporulation (75) (76) (77) . Furthermore, the recent ChIP-chip analysis of S. coelicolor R revealed that R directly upregulates hrdB encoding the primary factor in response to oxidative stress caused by diamide (30) .
R -dependent transcription maintains HrdB expression levels under the stress conditions, where R -independent
